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ABSTRACT
We present an observationally motivated model to connect the AGN and galaxy populations at 0.2 <
z < 1.0 and predict the AGN X-ray luminosity function (XLF). We start with measurements of the
stellar mass function of galaxies (from the Prism Multi-object Survey) and populate galaxies with
AGNs using models for the probability of a galaxy hosting an AGN as a function of specific accretion
rate. Our model is based on measurements indicating that the specific accretion rate distribution is
a universal function across a wide range of host stellar mass with slope γ1 ≈ −0.65 and an overall
normalization that evolves with redshift. We test several simple assumptions to extend this model
to high specific accretion rates (beyond the measurements) and compare the predictions for the XLF
with the observed data. We find good agreement with a model that allows for a break in the specific
accretion rate distribution at a point corresponding to the Eddington limit, a steep power-law tail to
super-Eddington ratios with slope γ2 = −2.1
+0.3
−0.5, and a scatter of 0.38 dex in the scaling between black
hole and host stellar mass. Our results show that samples of low luminosity AGNs are dominated by
moderately massive galaxies (M∗ ∼ 10
10−11M⊙) growing with a wide range of accretion rates due to
the shape of the galaxy stellar mass function rather than a preference for AGN activity at a particular
stellar mass. Luminous AGNs may be a severely skewed population with elevated black hole masses
relative to their host galaxies and in rare phases of rapid accretion.
Keywords: galaxies: active – galaxies: evolution – X-rays: galaxies
1. INTRODUCTION
The universe has evolved rapidly over the last ∼ 8 bil-
lion years, since a redshift z ∼ 1. The total star forma-
tion rate density, the rate at which new stars are being
formed, has dropped by a factor & 10 (e.g. Wilkins et al.
2008; Zhu et al. 2009; Rujopakarn et al. 2010). A sim-
ilar decline is seen in the total rate of accretion onto
supermassive black holes (SMBHs), which is tracked by
the luminosity density of Active Galactic Nuclei (AGNs)
(e.g. Barger et al. 2005; Silverman et al. 2008; Aird et al.
2010). This correlation suggests that the processes reg-
ulating the formation of stars throughout galaxies are
somehow related to the processes that drive gas into their
very central regions, feeding the growth of SMBHs and
prompting periods of AGN activity. It is thus vital to un-
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derstand how the rapid decline of SMBH accretion since
z ∼ 1 is related to the co-evolving properties of their host
galaxies.
The AGN luminosity function provides the principal
tracer of the distribution of SMBH accretion over the
history of the universe. A variety of wavebands and iden-
tification techniques have been used to measure the lu-
minosity function of AGNs out to high redshifts (z ∼ 6)
(e.g. Boyle et al. 1987; Page et al. 1997; Richards et al.
2006; Assef et al. 2011; Ueda et al. 2003; Ebrero et al.
2009; Aird et al. 2010). These studies have revealed a
“downsizing” behavior in the evolution of AGNs (e.g.
Barger et al. 2005). This downsizing is characterized by
a rapid decline in the number density of the most lumi-
nous AGNs since a peak at z ∼ 2, while the number den-
sity of lower luminosity AGNs evolves much more weakly
and peaks at lower z.
To understand the underlying physical processes that
drive the observed evolution of the AGN luminosity
function it is vital to connect the AGN population
to the galaxies that host them. A number of studies
have indicated that AGNs are preferentially found
in the most massive galaxies (e.g. Kauffmann et al.
2003; Dunlop et al. 2003; Schawinski et al. 2007;
Nandra et al. 2007; Coil et al. 2009; Hickox et al. 2009;
Georgakakis et al. 2011; Bongiorno et al. 2012). These
galaxies tend to have red optical colors and very low
levels of current star formation. Such trends suggest
an association between the presence of an AGN and
the quenching of star formation throughout a galaxy,
possibly due to feedback from the AGN. A number of
more recent studies, however, have shown that AGN
hosts have a similar distribution of colors to galaxies
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of equivalent stellar masses (e.g. Silverman et al. 2009;
Xue et al. 2010; Cardamone et al. 2010; Rosario et al.
2013a).
Aird et al. (2012) recently showed that the predom-
inance of AGNs in more massive galaxies is in fact a
selection effect; the probability of a galaxy hosting an
AGN is determined by a power-law distribution of spe-
cific accretion rates—the rate of accretion scaled by the
stellar mass of the host—where the distribution itself
does not depend on stellar mass. AGNs are present
in galaxies with a wide range of stellar masses, but
those in more massive galaxies are simply more lumi-
nous. Hainline et al. (2012) and Bongiorno et al. (2012)
have presented similar findings, extending the investiga-
tions to higher redshifts. Nevertheless, these results indi-
cate that the overall distribution of the stellar masses of
galaxies, traced by their stellar mass function, is a vital
component in determining the distribution of observed
AGN luminosities, traced by their luminosity function.
In this paper we develop a simple, observationally mo-
tivated model that connects the evolution of AGNs and
their host galaxies at 0.2 < z < 1.0. We start with the
observed stellar mass function of galaxies and populate
the galaxies with AGNs using a model for the probabil-
ity of hosting an AGN as a function of specific accre-
tion rate. Our model is based on measurements from
Aird et al. (2012) at low-to-moderate accretion rates.
We extend the model to higher accretion rates using a
number of well-motivated assumptions. We thus pre-
dict the overall AGN luminosity function, which we then
compare with the observed X-ray luminosity function of
AGNs. This comparison allows us to test and refine our
model, providing important insights into the nature of
the AGN population and the physical underpinnings of
the AGN luminosity function. We describe our observa-
tional datasets in Section 2 and use these to construct
our model in Section 3. Section 4 discusses our results
and we state our overall conclusions in Section 5.
2. OBSERVATIONAL DATASETS
2.1. The galaxy stellar mass function
To track the overall galaxy population we adopt re-
cent measurements of the galaxy stellar mass function
(SMF) fromMoustakas et al. (2013). The SMF was mea-
sured using the PRIsm MUlti-object Survey (PRIMUS),
a 9.1 deg2 low-resolution spectroscopic redshift survey
of galaxies to i ∼ 23 (Coil et al. 2011; Cool et al. 2013).
From the parent sample of ∼ 120, 000 robust redshifts,
Moustakas et al. (2013) constructed a flux-limited sam-
ple of ∼ 40, 000 galaxies at 0.2 < z < 1.0 over an area
coverage of 5.5 deg2. Stellar masses were determined
using fits to the observed spectral energy distributions
(SEDs) based on ultra-violet, optical, near-infrared and
mid-infrared photometry from GALEX, Spitzer/IRAC
and a range of ground-based imaging campaigns (see
Moustakas et al. 2013, for full details). The SMF was
constructed using the Vmax method, carefully account-
ing for the PRIMUS targeting weights and redshift suc-
cess rates, in six redshift bins between z = 0.2 and
z = 1.0 (corresponding to roughly equal intervals of cos-
mic time). For this study we adopt Schechter fits to the
total SMF in each individual redshift bin, fully propa-
gating the covariant uncertainties in the model fit pa-
rameters. A single Schechter form may not provide a full
description of the shape of the SMF, but it does provide
a good fit for the range of redshifts and stellar masses
considered here. The Schechter fits allow us to smooth
between the Vmax measurements in different stellar mass
bins and perform moderate extrapolation to lower and
higher stellar masses.
The Moustakas et al. (2013) results indicate remark-
ably little evolution in the global SMF of galaxies in this
redshift range: the cumulative number density of M∗ >
1010M⊙ galaxies has increased by ∼ 30% since z ∼ 0.6
and the cumulative number density of M∗ > 10
11M⊙
galaxies has changed by < ±10% since z ∼ 1. Much
stronger, differing evolution is found when the sample is
divided into quiescent and star-forming galaxies, placing
strong constraints on the rates of star formation quench-
ing that builds up the quiescent population. In this pa-
per, however, we consider only the global SMF and at-
tempt to reconcile the relative lack of evolution in the
SMF of galaxies with the strong evolution observed in
the AGN population.
2.2. The distribution of specific accretion rates
To populate galaxies with AGNs we adopt measure-
ments of the distribution of SMBH accretion rates for a
given stellar mass and redshift from Aird et al. (2012).
In Aird et al. (2012) we identified AGNs within the
PRIMUS galaxy sample using hard (2–10 keV) X-ray
observations of three of the PRIMUS fields. We then
studied the probability of a galaxy hosting an AGN as a
function of the stellar mass.
We used hard X-ray selection to identify AGNs be-
cause X-ray emission from a moderately luminous AGN
(L2−10keV & 10
42 erg s−1) will dominate over other pro-
cesses within the host galaxy (such as the combined
emission from stellar X-ray binaries). In addition, hard
X-rays (& 2 keV) are able to penetrate moderate col-
umn densities of obscuring material at these redshifts
(equivalent hydrogen column densities NH . 10
23 cm−2).
Thus, hard X-ray selection provides a reasonably accu-
rate probe of the AGN luminosity and should track the
bulk of the AGN population. The effect of the (highly
variable) flux limits of the X-ray observations over the
three PRIMUS fields was fully accounted for by the
Aird et al. (2012) work. We note that hard X-ray se-
lection will fail to identify the most heavily obscured,
Compton-thick sources. It remains unclear how large a
fraction of the population is hidden by such high levels of
obscuration. However, our measurements of the overall
X-ray luminosity function (which we compare with our
model predictions, see Section 2.3 below) also use hard
X-ray selection to identify AGN and thus are subject to
the same incompleteness.
Aird et al. (2012) showed that the probability of a
galaxy with a given stellar mass and redshift hosting an
AGN could be described by a single power law distri-
bution of specific accretion rates. This distribution is
independent of stellar mass and evolves strongly with
redshift,
p(λ | M∗, z) d logλ = Aλ
γ
(
1 + z
1 + z0
)β
d logλ (1)
where λ ∝ Lbol/M∗ denotes the specific accretion
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Figure 1. Comparison of the binned measurements of the hard (2–10 keV) X-ray luminosity function (XLF) from Aird et al. (2010) (black
circles, recalculated for the redshift bins shown here) and parametric model fits from various studies. The grey dashed line indicates the
Aird et al. (2010) LADE model evaluated at z = 0.25 (the center of the first redshift bin) and is replicated in every panel. We also show the
best fit Luminosity-Dependent Density Evolution (LDDE) parameterisations of the XLF from Aird et al. (2010, cyan), Ebrero et al. (2009,
magenta), Silverman et al. (2008, orange) and Ueda et al. (2003, dark blue). While the details of the evolutionary behavior differ between
the various parameterisations, all are approximately consistent with the observed data (black points). The evolution of the XLF from z ≈ 1
to z ≈ 0.2 is predominantly driven by a shift of the XLF to lower luminosities with decreasing redshift (i.e. luminosity evolution). We
adopt either the observed data points and their uncertainties (where available) or the range of the 5 different parameterisations to illustrate
current measurements of the XLF and the uncertainties in subsequent plots.
rate, the rate at which mass is accreted by the SMBH
(traced by the AGN bolometric luminosity, Lbol) scaled
by the total stellar mass of the host galaxy, M∗, and
p(λ | M∗, z) is the probability density per logarithmic in-
terval in λ of a galaxy at a given redshift hosting an AGN
with specific accretion rate, λ. We measured the slope of
the probability distribution function as γ = −0.65±0.04,
a strong redshift dependence (β = 3.5 ± 0.5) and
a normalization factor log10A = −3.15 ± 0.08. Our
work spanned a wide range of stellar masses (9.5 <
logM∗/M⊙ < 12) and focussed on low-to-moderate lu-
minosity AGNs (42 < logLX / erg s
−1 < 44). Thus
our results spanned a limited range in specific accre-
tion rate, −3 . log λ . −1, where λ is defined rela-
tive to the Eddington limit assuming a single scaling be-
tween SMBH mass and the total stellar mass of the host
galaxy (Mbh ≈ 0.002M∗, based on Marconi & Hunt
2003, where we also assumeM∗ ≈Mbulge),
λ =
Lbol
LEdd
=
Lbol
1.3 × 1038 erg s−1 × 0.002
M∗
M⊙
. (2)
These findings form the basis of our study in this paper.
We investigate different models (see Section 3 below) to
extend the λ distribution to higher accretion rates and
compare with the AGN luminosity function over a wide
luminosity range.
Broad-line QSOs were identified using the PRIMUS
spectra and excluded from the Aird et al. (2012) sam-
ples. In these sources the AGN emission dominates
over the host galaxy at optical wavelengths, preclud-
ing measurements of the stellar mass of the host galaxy.
Over the X-ray luminosities probed by Aird et al. (2012),
LX = 10
42−44 erg s−1, the broad-line QSOs correspond
to . 20% of the AGN population. However, the broad-
line fraction increases with luminosity (e.g. Steffen et al.
2003; Treister et al. 2009) and thus excluding broad-line
QSOs may bias the slope of the λ distribution measured
by Aird et al. (2012). On the other hand, previous stud-
ies have found that QSOs may be predominantly high
accretion rate sources, accreting close to their Edding-
ton limit (e.g. Kollmeier et al. 2006; Trump et al. 2011,
but see also Kelly & Shen 2013) and dominate the pop-
ulation at LX > 10
44 erg s−1. Our models (described
below) that extrapolate the λ distribution to higher ac-
cretion rates may therefore account for the bulk of the
broad-line QSO population. We discuss remaining issues
regarding the exclusion of broad-line QSOs in Section 4.
2.3. The X-ray luminosity function of AGNs
The AGN luminosity function traces the overall distri-
bution of accretion activity in AGNs in terms of the ob-
served luminosities at a particular waveband. Any model
that populates galaxies with accreting SMBHs must be
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consistent with this observational constraint on the to-
tal population. In this paper we compare our model to
measurements of the 2–10 keV X-ray luminosity function
(XLF) of AGNs at 0.2 < z < 1.0.
In Figure 1 we show binned estimates of the XLF from
Aird et al. (2010), recalculated in the redshift bins used
for this study (black points with error bars). This work
applied a sophisticated Bayesian methodology to account
for uncertainties in photometric redshifts and X-ray flux
estimates, track the X-ray sensitivity, correct for Edding-
ton bias, and correct for incomplete optical identifica-
tions. The binned estimates shown in Figure 1 are calcu-
lated using the Nobs/Nmdl method (Miyaji et al. 2001),
which corrects for the effects of the X-ray sensitivity over
the width of the bin. Error bars represent 1σ equiv-
alent Poissonian errors for the number of objects in a
bin. We also show a number of best-fit parametric mod-
els, including both the luminosity-dependent density evo-
lution (LDDE) model determined by Aird et al. (2010)
(cyan dashed line) and the conceptually simpler Lumi-
nosity And Density Evolution (LADE) model where the
XLF evolves in both luminosity and density but retains
the same shape at all redshifts (green line). Aird et al.
(2010) concluded that it was not possible to statisti-
cally distinguish between these models and thus advo-
cated the simpler LADE model. In addition, we show
the best fit LDDE parameterizations from Ueda et al.
(2003), Ebrero et al. (2009), and Silverman et al. (2008).
All of the model parameterizations demonstrate the
same basic evolutionary trend, namely a reduction in the
number density of more luminous AGNs, which can be
characterized by an overall shift of the AGN population
to lower luminosities as cosmic time progresses. This
luminosity evolution dominates the evolution described
by the LADE parameterization of Aird et al. (2010) at
these redshifts (z < 1) and has also been quantified by
pure luminosity evolution models in earlier works (e.g.
Barger et al. 2005). However, the LDDE parameteriza-
tions indicate that the shape of the XLF may be changing
with redshift. Given these differences in the parameter-
izations of the XLF, we choose to adopt the observed,
binned data points and their uncertainties when com-
paring with our model predictions. Outside the range
of the Aird et al. (2010) data (LX & 10
45erg s−1at these
redshifts) we conservatively take the minimum and maxi-
mum of the 5 model parameterizations shown in Figure 1
to represent current uncertainties in the XLF. This XLF
estimate is shown by the light-green hatched region in
subsequent plots.
3. AN OBSERVATIONALLY MOTIVATED MODEL TO
CONNECT THE AGN AND GALAXY POPULATIONS
In this section we present a simple, observationally mo-
tivated model to populate galaxies with AGNs. We start
with our measurements of the galaxy SMF and convolve
with a model for the probability of hosting an AGN as
a function of specific accretion rate. This convolution
provides us with a prediction for the XLF of the AGN
population, which we can compare with the observations.
Our model for the XLF can be expressed as
ψ(LX, z)=φ(M∗, z) ∗ p(λ | M∗, z) (3)
=
∫
φ(M∗, z) p
(
λ(LX,M∗) | M∗, z
)
d logM∗
where φ(M∗, z) is the galaxy SMF and p(λ | M∗, z)
describes the probability density per logarithmic λ in-
terval for a galaxy of given M∗ and z hosting an
AGN with a specific accretion rate, λ.12 This equa-
tion allows us to predict the XLF, ψ(LX, z), assum-
ing the luminosity-dependent bolometric corrections of
Hopkins et al. (2007) to convert from λ to an X-ray lu-
minosity, LX, for a given M∗. In Figure 2 we show our
three models for p(λ | M∗, z), all of which are based
on the power-law distribution measured by Aird et al.
(2012) that is independent of stellar mass but evolves
strongly with redshift (see Equation 1 and Section 2.2
above).
3.1. Model A
We begin with a simple model (A), where we assume
a single scaling applies between SMBH mass and the to-
tal stellar mass of the host galaxy at all redshifts. We
take the scaling between SMBH mass and galaxy mass
asMbh ≈ 0.002M∗ from Marconi & Hunt (2003), where
we have further assumed that M∗ ≈ Mbulge. Thus, we
can directly translate the specific accretion rate into an
Eddington ratio for the SMBH (see Equation 2). With
this scaling assumed, we apply a strict cut to our spe-
cific accretion rate distribution at the Eddington limit,
logλ = 0, as shown in Figure 2 (left panel). The grey re-
gion tracks the uncertainty in our specific accretion rate
distribution. We estimate the uncertainties using the
errors in the best-fit model parameters from Aird et al.
(2012). However, these errors assume a fixed model form
and do not fully account for the observational uncertain-
ties in the measurements of the λ distribution at a given
stellar mass or redshift. We therefore increase the un-
certainty in the overall normalization by ∼ ±0.2 dex,
which provides better agreement between our model un-
certainty and the errors in the individual binned mea-
surements of p(λ | M∗, z) in figure 7 of Aird et al. (2012).
This increase also allows for additional systematic uncer-
tainties in our model, such as the possible contribution of
unobscured sources. In Figure 3 we compare the predic-
tion assuming our model A for the specific accretion rate
distribution (thick black line with the solid grey region
indicating the uncertainty) with the observational con-
straints on the XLF (green hatched region). Our simple,
observationally motivated model is able to successfully
reproduce the faint-end of the XLF at all redshifts to
z ∼ 0.7. The predominant evolution with redshift is
accounted for by the strong evolution in the normaliza-
tion of p(λ | M∗, z), which produces a change in the
normalization of our predicted XLF. However, we fail
to reproduce the correct behavior at the bright end of
the XLF (LX & 10
44.5 erg s−1). Our model predicts an
exponential decline in the XLF at high luminosities, a
consequence of the Schechter form of the galaxy SMF
and the sharp cutoff we apply in the specific accretion
rate distribution. We note that our model does not re-
produce any of the (relatively minor) changes that may
12 We note that the probability distribution defined by equa-
tion 1 diverges at low λ. We therefore set a minimum spe-
cific accretion rate for a given redshift, λmin(z), such that∫
∞
λmin(z)
p(λ | M∗, z) d log λ = 1.0. The position of this cutoff
generally falls outside of the range covered by our datasets so has
no practical effect on the results of this paper.
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Figure 2. Assumed distributions of specific accretion rates (for a sample of galaxies at a given stellar mass and redshift), based on
measurements (at −3 . log λ . −1) by Aird et al. (2012). The units assume λ = Lbol
(
1.3× 1038erg s−1 × 0.002M∗
M⊙
)−1
. In model A we
assume a single scaling between the SMBH mass and stellar mass of the host galaxy; thus, λ directly translates into the Eddington ratio
in the assumed units and we apply a strict cutoff at the Eddington limit, log λ = 0. The lines indicate the distribution at z = 1.0 (dotted),
z = 0.6 (solid) and z = 0.2 (dashed) showing the evolution in the probability of a galaxy hosting an AGN with redshift as measured by
Aird et al. (2012). The grey region indicates the uncertainty in the model fit to the Aird et al. (2012) measurements, including an additional
±50% uncertainty in the normalization. In model B we allow for an intrinsic lognormal scatter of 0.38 dex in the scaling between SMBH
mass and total host stellar mass. This scatter softens the cutoff in terms of specific accretion rate and predicts a population of SMBHs
with high masses relative to their host accreting close to their Eddington limit, which thus have high specific accretion rates. In model C
we also allow for a steep power-law distribution to higher specific accretion rates, corresponding to a rare population of SMBHs accreting
at rates above their Eddington limit. The blue hashed region in this final panel shows the conditional probability distribution of Eddington
ratios for QSOs in the SDSS at z = 0.6 and Mbh = 5× 10
8M⊙ from Kelly & Shen (2013), rescaled to match the normalization of model
C at log λ = −1. This distribution has a similar slope at low λ to model C, but has a break below the Eddington limit (log λ ≈ −0.5) with
a rapid decline to higher accretion rates. These differences are discussed in Section 4.1.
be observed in the evolution of the faint-end slope of the
XLF with redshift nor any change in the break of the
XLF. At z & 0.7 we underpredict the number density of
LX ≈ 10
43.5−44.5erg s−1 AGNs, and the observed faint-
end slope is somewhat flatter than our prediction.
3.2. Model B
In our second model (B), we adopt a more realistic
scaling relation between the SMBH mass, Mbh, and
host stellar mass, M∗, that allows for intrinsic scat-
ter in the relationship. We adopt an intrinsic scatter
of 0.38 dex, consistent with measurements of the local
relationship between spheroid stellar mass, Mspheroid,
and Mbh by Bennert et al. (2011a). This work used
updated dynamical Mbh estimates from Gu¨ltekin et al.
(2009) for a sample of 18 local elliptical and S0 galaxies;
spheroid stellar masses were estimated using the J , H
and K magnitudes measured by Marconi & Hunt (2003)
and the Auger et al. (2009) Bayesian stellar mass estima-
tion code. We note that the Bennert et al. (2011a) rela-
tionship was measured using the spheroid (bulge) stellar
masses, but we assume that the same intrinsic scatter
can be applied to the total stellar mass - SMBH mass
relationship.
In model B we assume this 0.38 dex scatter in theMbh-
M∗ relationship to convert between λ and Eddington ra-
tio, applying a sharp cutoff in the probability of a galaxy
hosting an AGN above the Eddington limit. The scatter
in Mbh-M∗ results in a much softer cutoff in terms of
specific accretion rate, λ (see Figure 2, center). The tail
in p(λ | M∗, z) at high specific accretion rates (logλ > 0)
can be attributed to the probability of finding galaxies
with elevated SMBH masses relative to the host (due to
the intrinsic scatter) accreting close to their Eddington
limits.
Figure 4 compares the observed XLF and our predic-
tion using model B. The softer cutoff in the λ distri-
bution due to the scatter of the Mbh–M∗ relationship
results in a smoother break in our predicted XLF com-
pared to model A (Figure 3). Furthermore, at the bright
end of the XLF (LX & 10
44.5 erg s−1), AGNs with typ-
ical mass SMBHs are outnumbered by the small frac-
tion of lower stellar mass galaxies with elevated SMBH
masses, due to the intrinsic scatter in the Mbh-M∗ re-
lation and the steep slope of the SMF at high stellar
masses (M∗ & 10
11M⊙, see also Somerville 2009). This
effect leads to a somewhat flatter predicted bright-end
slope than found with Model A. Nonetheless, our predic-
tion still declines more rapidly than the observed XLF at
LX & 10
45erg s−1, especially at high redshifts (z & 0.5).
3.3. Model C
Prompted by the lack of agreement at the bright end
of the XLF using model B, our third model (C) re-
moves the requirement of a sharp cutoff at the Edding-
ton limit and instead adopts a steep power-law distri-
bution with a tail to very high Eddington ratios, while
retaining the 0.38 dex scatter in the Mbh–M∗ scaling.
The Eddington limit only strictly applies to a spheri-
cal geometry and studies of accretion disk physics do al-
low for scenarios when the Eddington limit is violated
(e.g. Jaroszynski et al. 1980; Abramowicz et al. 1988;
Begelman et al. 2006). Indeed, SMBHs accreting above
their Eddington limits are rare but are found in suffi-
ciently large samples of AGNs (e.g. McLure & Dunlop
2004; Kelly & Shen 2013). The slope of this high ac-
cretion rate tail has not been directly measured in our
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Figure 3. Predictions for the XLF (black solid line, grey region shows propagated 1σ uncertainty in the model) at a range of redshifts
based on the galaxy SMF and assuming model A for the distribution of accretion rates. Model A assumes the mass of the SMBH has a
single scaling with the galaxy stellar mass and thus the distribution of specific accretion rates has a power-law form with a sharp cutoff
corresponding to the Eddington limit. The colored lines show the contributions to the XLF from galaxies over limited ranges of stellar
mass. We compare to direct observations of the XLF (green hatched regions, which track the uncertainty in the observations – see Figure
1 and Section 2.3 for details). Our model successfully predicts the faint end of the XLF (LX . 10
44 erg s−1) but falls over much more
rapidly than the observed slope for more luminous AGNs and fails to reproduce the evolution in the break of the XLF.
observed specific accretion rate distribution (although
hints of such a turnover may be seen by Bongiorno et al.
2012). We therefore introduce this as a single free pa-
rameter, γ2, in our model that we fit using the original
binned data points in our observed XLF (shown in Fig-
ure 1). We constrain the slope to be γ2 = −2.1
+0.3
−0.5. We
note that while the Eddington limit does provide a phys-
ically motivated scaling for our distributions, a turn over
at precisely this point may not be realistic. If we allow
the break in the distribution to be an additional free pa-
rameter in our model C, which we constrain by fitting
the observed XLF, we find it is log λbreak = 0.2 ± 0.2,
consistent with log λbreak = 0.0. A break at around the
Eddington limit is clearly needed to reproduce the bright
end of the observed XLF (given the other assumptions
and restrictions of our model); a break in the distribu-
tion at lower accretion rates would not produce sufficient
luminous AGNs. We thus retain a one-parameter model
with a fixed break at logλbreak = 0.0.
We also note that the shape of p(λ | M∗, z) at high
accretion rates (logλ & 0.1) may be sensitive to the as-
sumed form of the bolometric correction. Recent work
has indicated that X-ray bolometric corrections may be
primarily a function of the Eddington ratio itself (e.g.
Vasudevan & Fabian 2007; Lusso et al. 2012; Jin et al.
2012), rather than the AGN luminosity as we have as-
sumed (following Hopkins et al. 2007; Marconi et al.
2004). The bolometric correction increases with increas-
ing Eddington ratio and may be & 100 at the highest
accretion rates (λ > 1, Jin et al. 2012). A high bolomet-
ric correction means a low fraction of the AGN light is
emitted at X-ray wavelengths. Thus, recovering the lu-
minous AGN population may actually require a steeper
slope for the super-Eddington tail of the accretion rate
distribution; an even higher accretion rate is required to
produce the observed X-ray luminosities. However, the
slope of the super-Eddington tail of the accretion rate
distribution remains poorly constrained due to the lim-
ited samples of luminous, hard X-ray selected AGNs that
enter our XLF, and thus the exact form of the bolomet-
ric correction does not have a substantial impact on our
findings.
In Figure 5 we compare our prediction from model C
with the observed XLF. With model C we are able to
produce an XLF that is in good agreement with the ob-
served data (considering the uncertainties in both our
prediction and the observations). However, there are
minor discrepancies between our observations and our
model for the XLF. Our model underpredicts the num-
ber density of LX ≈ 10
43.5−44.5erg s−1 AGNs at z & 0.7,
although the discrepancy is only at the ∼ 2σ level when
considering the uncertainties in both the observed XLF
and our model prediction (propagated from the SMF
and measurements of the specific accretion rate distri-
bution). In addition, the evolutionary behavior of our
model is predominantly a density evolution. We do not
reproduce the luminosity-dependent evolution found in
a number of studies of the XLF, although our model
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Figure 4. As Figure 3 but assuming model B for the distribution of specific accretion rates. We account for intrinsic scatter of 0.38 dex
in the Mbh −M∗ relation to calculate the Eddington limit, where we truncate the probability of a galaxy hosting an AGN. This scatter
softens the cut off in the distribution of specific accretion rates and flattens the predicted bright-end slope of the XLF. Our prediction still
falls off more rapidly than the observed XLF at high LX.
Figure 5. As Figure 4, but assuming model C for the distribution of specific accretion rates. In addition to the scatter in theMbh−M∗
relation, in this model we also include a steep power law tail to high values of λ, corresponding to super-Eddington accretion rates. Our
model is able to reproduce the dominant features of the observed XLF from z ∼ 1 to z ∼ 0.2.
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prediction does provide reasonable agreement with the
observed XLF considering the current uncertainties. We
discuss these issues further in Section 4.2.
Our observationally motivated model allows us to in-
terpret the observed AGN population at 0.2 < z < 1.0,
as traced by the XLF. As shown by the colored lines in
Figure 5, our model predicts that the low LX popula-
tion is dominated by AGNs in hosts with stellar masses
∼ 1010.5−11 M⊙ accreting over a wide range of specific
accretion rates (consistent with the predominance of such
host galaxies in X-ray selected samples, e.g. Xue et al.
2010; Bongiorno et al. 2012). Around the break in the
XLF the population is dominated by moderately massive
galaxies (M∗ ∼ 10
11M⊙) accreting close to their Ed-
dington limit. The bright end of the XLF is dominated
by massive galaxies (M∗ & 10
11M⊙) accreting close to
or above the Eddington limit. Assuming a 0.38 dex scat-
ter in the intrinsic Mbh −M∗ relation, we predict that
80% of detected AGN with LX > 10
44.5 erg s−1 will have
SMBH masses that are above the fiducialMbh−M∗ re-
lation; the predicted medianMbh/M∗ for this luminous
population is ∼ 0.25 dex higher than the median for the
overall galaxy population. This effect can be explained
by the steep slope of the SMF at high masses and the
intrinsic scatter in the Mbh–M∗ relation. It does not
indicate that SMBH masses are intrinsically higher in
AGN host galaxies. Finally, the evolution in the normal-
ization of the XLF is explained by a rapid drop in the
probability of a galaxy hosting an AGN at later times for
all specific accretion rates and across all stellar masses.
4. DISCUSSION
We have shown how with a simple, observationally mo-
tivated model we are able to explain the predominant fea-
tures of the XLF of AGNs and its evolution over 0.2 <
z < 1.0. We start with the observed SMF of galaxies (and
its very mild evolution) from PRIMUS (Moustakas et al.
2013) and populate these galaxies with AGNs based on
a model for the probability of hosting an AGN as a func-
tion of specific accretion rate. Our model is based on the
observations at low-to-moderate accretion rates (equiva-
lent to Eddington ratios ∼ 10−3 − 0.1) and over a wide
range of stellar masses (9.5 < logM∗/M⊙ < 12) from
Aird et al. (2012). We extend our model to higher accre-
tion rates (equivalent to Eddington ratios & 0.1) using a
small number of straightforward assumptions. Our final
model has one free parameter—the slope of the distri-
bution at super-Eddington accretion rates—which we fit
using the observed bright end of the XLF. These results
provide new important insights into the nature of the
AGN population and its evolution since z ∼ 1.
4.1. The nature of the AGN population
At low X-ray luminosities (the faint end of the XLF),
the number density of AGNs is dominated by moderately
massive galaxies (M∗ ∼ 10
10.5−11M⊙) with a range
of specific accretion rates given by the power-law dis-
tribution with slope ≈ −0.65 measured by Aird et al.
(2012). The model predicts that X-ray flux lim-
ited samples (probing low X-ray luminosities at z . 1)
will identify AGNs with a distribution of host stellar
masses that peaks at logM∗/M⊙ ∼ 10.5 − 11, with
the majority of sources in moderately massive galaxies
(10 < logM∗/M⊙ < 11.5), consistent with observed
samples (e.g. Alonso-Herrero et al. 2008; Hickox et al.
2009). However, the predominant contribution by mod-
erate mass galaxies is due to the shape of the SMF. As
shown in Aird et al. (2012), AGN activity does not ap-
pear to have a preference for a particular stellar mass
range. In our model, galaxies with lower or higher stel-
lar masses are just as likely to host an AGN with the
same distribution of accretion rates, but these sources do
not constitute a significant fraction of the overall AGN
number density.
The bright end of the XLF probes a different regime
of the AGN population. In our model C, we propose a
break in the accretion rate distribution at a point cor-
responding to the Eddington limit and a steep power-
law tail that allows for a rare population of sources
with very high (super-Eddington) accretion rates. We
also allow for an intrinsic scatter in the scaling be-
tween the SMBH mass and the stellar mass of the host
galaxy. We find that the bright end of the XLF con-
sists mostly of massive galaxies (M∗ & 10
11M⊙) ac-
creting close to or above their Eddington limits. This
population is dominated by AGNs with SMBH masses
that are elevated relative to the fiducial Mbh–M∗ re-
lation, which is a result of scatter in the scaling rela-
tion and the steep decline of the SMF at high masses.
Lauer et al. (2007) discussed how such a bias could af-
fect studies of SMBH mass scaling relations using broad
line AGNs outside the local universe. In fact, recent stud-
ies have found tentative evidence for strong evolution in
the scaling between Mbh and host spheroid mass (e.g.
Treu et al. 2007; Jahnke et al. 2009; Merloni et al. 2010;
Bennert et al. 2011b, although see also Alexander et al.
2008; Cisternas et al. 2011). Our model, which assumes
a constant scaling and scatter in the Mbh-M∗ relation,
may provide a simple explanation for such findings, al-
though a full investigation is beyond the scope of this pa-
per (see also Schulze & Wisotzki 2011; Volonteri & Stark
2011; Salviander & Shields 2013).
We note that in our study of specific accretion rates
(Aird et al. 2012, see Section 2.2) we did not measure
p(λ | M∗, z) for high accretion rate sources (log λ &
−1). In fact, our study excluded broad-line AGNs
and was limited to moderate luminosity sources (LX =
1042−44erg s−1). We demonstrated in Aird et al. (2012)
that the exclusion of broad-line AGNs did not signifi-
cantly bias our measurement of the slope of the spe-
cific accretion rate distribution at −3 . logλ . −1.
In fact, broad-line AGNs only constitute a significant
fraction of the AGN population at high luminosities
(LX & 10
44 erg s−1, e.g. Barger et al. 2005; Trump et al.
2009). Measurements of p(λ | M∗, z) at logλ & −1,
including broad-line and luminous (LX > 10
44 erg s−1)
AGN, are vital to confirm our model relating AGNs and
their host galaxies, our extrapolation of the accretion
rate distribution to the highest accretion rates, and our
interpretation of the XLF. Such studies present a number
of difficulties due to the relative rarity of such sources,
the strong biases that can affect the properties of the ob-
served population, and the challenge of disentangling the
properties of luminous AGNs and their host galaxies.
However, the high luminosity AGN population is
probed by large area optical surveys, such as the SDSS
(e.g. McLure & Dunlop 2004; Ross et al. 2012), although
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such surveys only identify broad-line (Type 1) AGNs and
will miss obscured, albeit intrinsically luminous, Type 2
sources. Our model does not distinguish Type 1 AGNs,
making direct comparisons between our model and mea-
surements of the overall SMBH mass function or Ed-
dington ratio distribution functions (ERDFs) of Type 1
AGNs difficult. Nevertheless, we can compare the distri-
butions of Eddington ratios for samples of Type 1 AGNs
selected over limited luminosity ranges, such as those pre-
sented by Kollmeier et al. (2006) or Shen et al. (2008),
to predictions for the observed distributions based on
our model. Qualitatively, we find reasonable agreement
for the distributions: our model predicts that luminous
AGNs (Lbol & 10
45.5 erg s−1) selected in narrow bins of
luminosity are predominantly at fairly high Eddington
ratios (logλ & −1.5) with roughly lognormal distribu-
tions of widths ∼ 0.3 − 0.5 dex. However, our model
predicts mean accretion rates that are up to ∼ 0.5 dex
higher than the observed distributions and a much larger
fraction of AGNs accreting at super-Eddington rates –
as high as 50% of the population for the most luminous
AGNs (Lbol & 10
46.5 erg s−1). Such sources could corre-
spond to the luminous Type 2 AGN population, indicat-
ing such sources are the most rapidly accreting sources
(e.g. Warner et al. 2004; Urrutia et al. 2012). However,
the uncertainties in virial SMBH mass estimates, used
to derive the Eddington ratios, can introduce substan-
tial biases into the observed distributions (e.g. Shen et al.
2008; Shen & Kelly 2010; Schulze & Wisotzki 2011), po-
tentially bringing them more in line with the predictions
of our model. We also note that current uncertainties
in the absolute scaling between SMBH mass and host
mass could lead to systematic differences between our
model predictions and these observations. Indeed, recent
measurements of SMBH scaling relations (e.g. Graham
2012; Graham & Scott 2013) indicate that the scaling
may not be constant with stellar mass and could be as
high as Mbh/M∗ ≈ 0.005 for the highest mass objects,
although some of these differences could be due to dif-
ferent normalizations in the scaling relations for different
types of host galaxy (e.g. McConnell & Ma 2013). A
larger Mbh–M∗ scaling for certain galaxies could move
the break in the accretion rate distribution below the
Eddington limit, which could allow better agreement be-
tween our results and these studies of optical Type 1
AGNs.
Recent studies (e.g. Schulze & Wisotzki 2010;
Kelly & Shen 2013; Nobuta et al. 2012) have presented
measurements of the SMBH mass functions and ERDFs
of Type 1 AGNs that model the completeness effects
and biases of optical surveys. While such studies provide
vital insight into the Type 1 AGN population, direct
comparisons to our model are not possible as the Type
2 AGNs and low accretion rate sources dominate the
space densities in most regimes. Nevertheless, such
studies do find a SMBH mass function with a substan-
tially flatter slope at high masses than the underlying
galaxy SMF and a ERDF that continues to rise at
low accretion rates with a slope ∼ −0.8, in reasonable
agreement with our model. A turn over in the ERDF
and steep decline towards high accretion rates is also
found, although in contrast to our model this comes
in at λ & 0.1, substantially below the Eddington limit
assumed in our model. This is illustrated in panel C
of Figure 2 where we over-plot measurements of the
distribution of Eddington ratios of Type 1 AGNs from
the SDSS at fixed Mbh from Kelly & Shen (2013),
rescaled to match the normalization of our model C
at log λ = −1.13 A steep turnover in the distribution
is seen at logλ ≈ −0.5, indicating the dearth of the
highest accretion rate sources amongst the Type 1 AGN
population compared to the predictions of our model.
Further detailed study of the luminous AGN population,
including both Type 1 and Type 2 AGNs, is needed to
fully reconcile the differences in mass functions, ERDFs
and luminosity functions of the X-ray and optically
selected AGN populations.
4.2. The evolution of AGNs
Based on our model, we attribute the evolution in the
XLF since z ∼ 1 to a reduction in the overall proba-
bility of a galaxy hosting an AGN as cosmic time pro-
gresses, while the shape of the distribution of accretion
rates remains roughly constant. This behavior can be
interpreted as a rapid drop in the rate of AGN triggering
(the duty cycle) or a shift to lower characteristic accre-
tion rates, either of which may be driven by a reduction
in the availability of cold gas with cosmic time. Despite
this rapid evolution, AGNs have a wide range of specific
accretion rates (with a consistent power-law distribution)
and are hosted by galaxies across a wide range of stellar
masses at any epoch.
The details of the physical processes that trigger
AGNs and give rise to this distribution of specific ac-
cretion rates are still unclear. The Eddington limit ap-
pears to set the maximum rate of SMBH growth at all
times (although in rare or short-lived phases this limit
may be violated). Furthermore, the power-law distri-
bution of accretion rates may reflect variability in the
level of AGN activity over relatively short timescales
(compared to the lifetime of a galaxy), which could
also be related to the physical processes in the very
central regions of the galaxy that control the rate of
SMBH accretion (e.g. Novak et al. 2011). However, vari-
ations in larger-scale fueling mechanisms—such as merg-
ers, disk instabilities, cosmological accretion of cold gas,
or mass loss from the stellar population of the galaxy
(e.g. Kauffmann & Haehnelt 2000; Hopkins & Hernquist
2006; Ciotti & Ostriker 2007)—may also have an im-
pact on the accretion rate distribution. Indeed, changes
in large-scale fueling mechanisms may drive the longer-
term evolution that leads to lower characteristic accre-
tion rates or reduced duty cycles at later cosmic times.
The origin of this power-law distribution is is thus a key
problem for theoretical studies of AGN physics.
Our model is successful at predicting the predomi-
nant evolution of the XLF. However, we underpredict
the number density of moderate luminosity AGNs (LX ∼
1043−44 erg s−1) at z & 0.7, although the discrepancy is
only at the ∼ 2σ level. Furthermore, our model lacks
the strong, luminosity-dependent evolution favored by
most studies of the XLF over wider redshift ranges (out
13 Kelly & Shen (2013) present the distribution of Eddington
ratios for the Type 1 AGN population, which integrate to 1 over
the limited range of the data. The arbitrary rescaling allows us to
compare to the probability of a given galaxy hosting an AGN, as
described by our model C.
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to z ∼ 3, e.g. Ueda et al. 2003; Hasinger et al. 2005;
Ebrero et al. 2009; Aird et al. 2010). These luminosity-
dependent schemes are associated with “downsizing” of
AGN activity. Observationally, downsizing is seen as a
rapid evolution in the number density of luminous AGNs
that peaks at z ∼ 2, while the space density of lower lu-
minosity AGNs evolves more weakly and peaks at lower
z. Downsizing may also be reflected in a flattening of the
faint-end slope of the XLF, possibly seen in the observed
XLF in our highest redshift bin (although Aird et al.
2010, concluded that a constant shape of the XLF was
consistent with the observational data, carefully consid-
ering the uncertainties). This downsizing behavior is
thought to reflect the build up of SMBH masses, whereby
the highest mass SMBHs form and grow early in the his-
tory of the universe, whereas lower mass SMBHs carry
out most of their growth at later times. Evidence for this
behavior may be seen in the growth rates of AGNs in the
local universe (z < 0.3, e.g. Heckman et al. 2004).
Given the success of our model at reproducing the pre-
dominant evolution of the XLF at 0.2 < z < 1.0, it ap-
pears that any downsizing behavior may be a secondary
effect at these redshifts. Our results indicate that the
predominant evolution of the AGN population at z . 1
can be associated with a rapid decline in the probability
of hosting an AGN for galaxies of any stellar mass as
cosmic time progresses. In fact, Aird et al. (2012) found
that the distribution of specific accretion rates was con-
sistent over a wide range of stellar masses—a key assump-
tion of our model—and found no evidence of a downsiz-
ing behavior in terms of host stellar mass. Nevertheless,
the discrepancies between our model and the observed
XLF suggest that the specific accretion rate distribution
may evolve in a mass-dependent way. Further study is
required to confirm such behavior and motivate any re-
finements to our model.
4.3. The relationship between AGN activity and star
formation
The evolution of the AGN population has strong par-
allels with the star formation history of the universe,
which may also undergo a downsizing behavior where
the most massive galaxies appear to form earlier in the
history of the universe (see Fontanot et al. 2009, for a
critical overview of the observational evidence). How-
ever, it is now becoming clear that the rapid decline in
the global star formation rate density since z ∼ 1 − 2 is
primarily due to a drop in specific star formation rates
for all galaxies, with any stellar-mass-dependent down-
sizing being a secondary effect (e.g. Noeske et al. 2007;
Zheng et al. 2007; Karim et al. 2011), similar to our find-
ings for AGNs (see also Georgakakis et al. 2011). Nev-
ertheless, how and why these processes are connected
remains a key open question.
Our simple observationally motivated model assumes
that the probability of a galaxy hosting an AGN is deter-
mined by a universal specific accretion rate distribution
that is independent of host stellar mass or star formation
properties. Thus, the observed AGN population (traced
by the XLF) is determined by the galaxy SMF, the scal-
ing betweenMbh andM∗, and the redshift evolution of
the AGN duty cycle. However, studies of the correlation
between star formation and AGN accretion rates paint
a more complex picture, indicating that star formation
and AGN accretion rates are connected, at least for the
most luminous sources (e.g. Netzer 2009; Rosario et al.
2012), when considering the nuclear regions of galaxies
(e.g. Diamond-Stanic & Rieke 2012) or when averaged
over a large population of galaxies (e.g. Mullaney et al.
2012). Furthermore, Kauffmann & Heckman (2009)
studied the distributions of accretion rates for opti-
cally selected narrow-line AGNs in the local Universe
using the SDSS and found that AGNs have two dis-
tinct modes of accretion characterized by very differ-
ent accretion rate distributions in young, star-forming
galaxies and older, passively evolving galaxies. Recently,
Rosario et al. (2013b) also showed that X-ray selected
AGNs are more likely to be found in star-forming galax-
ies on the star-formation main sequence. Given these
important findings, our model could be improved by con-
sidering the SMFs of star-forming and quiescent galaxies
separately, with appropriate accretion rate distributions
for each population. Indeed, Moustakas et al. (2013)
found that the SMFs of the star-forming and quiescent
galaxy populations follow substantially different evolu-
tionary paths. However, to proceed further with such
studies requires accurate measurements of p(λ | M∗, z),
including any stellar mass and redshift dependence, for
each of the galaxy populations (star-forming and qui-
escent). In Aird et al. (2012) we split the galaxy pop-
ulation according to optical color and found evidence
for a weak (factor ∼ 2) enhancement in the probability
of hosting an AGN for blue galaxies (indicating current
star formation) compared to red (quiescent) galaxies, al-
though both populations exhibited a wide, power-law dis-
tribution of accretion rates. Such relatively minor differ-
ences would have relatively little impact on the results of
this paper but appear inconsistent with the findings of
Kauffmann & Heckman (2009) or Rosario et al. (2013b).
Optical color may be a poor discriminator for the levels
of star formation. Further study is required to accu-
rately determine how the accretion rate distributions for
X-ray AGNs depend on the star formation properties of
their host galaxies, refine our observationally motivated
scheme to link the galaxy and AGN populations, and
fully unveil the interplay between AGN and star forma-
tion.
4.4. Other models of AGN–galaxy co-evolution
A number of prior studies have presented models to
link the evolution of AGNs and galaxies, either from an
observationally motivated standpoint (e.g. Shankar et al.
2009, 2013; Conroy & White 2013) or incorporating pre-
scriptions for SMBH growth into either large-scale hydro-
dynamic cosmological simulations (e.g. Booth & Schaye
2009; DeGraf et al. 2012) or semi-analytic galaxy for-
mation models (e.g. Bower et al. 2006; Somerville et al.
2008; Fanidakis et al. 2012). Given the current uncer-
tainties regarding SMBH fueling mechanisms and the
physics of AGN accretion, the luminosity function is of-
ten used to constrain the key parameters in the prescrip-
tions for SMBH growth, such as the AGN duty cycle
or the relative rates of different AGN triggering mech-
anisms (e.g. Hopkins et al. 2006; Shankar et al. 2013;
Conroy & White 2013; Draper & Ballantyne 2012).
However, up-to-date semi-analytic models, including so-
phisticated prescriptions for SMBHs, are able to pre-
dict the AGN luminosity function (e.g. Fanidakis et al.
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2012; Hirschmann et al. 2012), although it can be dif-
ficult to assess the level of tuning required for a suc-
cessful model or robustly test the underlying physical
assumptions. For example, the Fanidakis et al. (2012)
and Hirschmann et al. (2012) models both reproduce
the observed AGN luminosity functions but infer very
different levels of AGN triggering due to disk insta-
bilities versus merger-driven inflows. Furthermore, the
Hirschmann et al. (2012) model reproduces the observed
downsizing trends in the XLF by modifying their fiducial
model to include a limit to accretion rates that depends
on the cold gas fraction, as well as a prescription for AGN
triggering due to disk instabilities and a “heavy seeding”
prescription for the first SMBHs. Fanidakis et al. (2012),
however, attribute the observed downsizing to obscura-
tion effects, incorporated into their model using a pre-
scription based on observations by Hasinger (2008).
Our simple, observationally motivated model takes a
very different approach. We adopt the observed SMF
of galaxies and populate the galaxies with AGNs using
models for p(λ | M∗, z), based on actual measurements,
requiring only a few straightforward assumptions to ex-
tend to higher accretion rates. Our final model has one
free parameter which is tuned to match the observed
bright end of the XLF but does not alter our model
predictions at lower luminosities. Unlike the models
described above, our observationally motivated scheme
does not provide a complete picture of the relationship
between AGNs and their host galaxies or the underlying
physical processes that control their co-evolution. How-
ever, our results indicate that the universal distribution
of specific accretion rates, independent of host stellar
mass, is the key underlying property of the AGN popu-
lation that is needed to reproduce the XLF. Thus, the
distribution of specific accretion rates is a vital obser-
vational constraint for theoretical models of AGNs and
their evolution within a cosmological context. Our model
also provides a framework to interpret different measure-
ments, understand underlying observational biases that
may skew the properties of samples of AGNs, and moti-
vate future observations. In fact, the lack of downsizing
in our model predictions and the discrepancy with the
observed XLF for LX ≈ 10
43−44 erg s−1 at z ∼ 0.7− 1.0
provides an important motivation for precise measure-
ments of p(λ | M∗, z) at these redshifts and higher. Ul-
timately, conclusive tests of cosmological AGN-galaxy
models may require comparisons of predictions in the
multivariate space of galaxy stellar mass, star formation
properties, and the distribution of AGN accretion rates.
5. CONCLUSIONS
We have developed a simple, observationally moti-
vated model to link the evolution of AGNs and their
host galaxies that predicts the X-ray luminosity func-
tion of AGNs at 0.2 < z < 1.0. We use new measure-
ments of the galaxy stellar mass function from PRIMUS
(Moustakas et al. 2013) combined with a simple model
to populate these galaxies with AGNs. Our model is
based on our measurements showing that the probabil-
ity of a galaxy hosting an AGN is defined by a power-law
function of specific accretion rate (with slope γ1 ≈ 0.65)
that depends only on redshift and is independent of host
stellar mass (Aird et al. 2012). We extend our model
to higher X-ray luminosities and accretion rates by al-
lowing for a break in the specific accretion rate function
at a point corresponding to the Eddington limit. We
also allow for scatter in the scaling between SMBH mass
and the stellar mass of the host galaxy. To match the
bright end of the XLF, we introduce one free parameter
corresponding to the slope of the power-law tail of the
distribution of accretion rates above the Eddington limit.
We constrain this power-law slope to be γ2 = −2.1
+0.3
−0.5
by fitting to the observed XLF at z = 0.2− 1.0.
Our model provides a simple picture of the connection
between AGNs and their host galaxies. Based on the
results of Aird et al. (2012), AGN activity may be trig-
gered in galaxies of any stellar mass, with the growth
rate of the SMBH being defined by a single distribution
of specific accretion rates. The observed rapid evolution
of the AGN population since z ≈ 1 is attributed to an
overall reduction in the probability of any galaxy host-
ing an AGN, indicating a severe reduction in the rate of
AGN fueling as cosmic time progresses. While the phys-
ical processes driving this behavior remain unclear, they
appear to operate in a uniform manner over a wide range
of stellar masses. Given our success at reproducing the
XLF at z < 1 with this simple model, it appears that the
universal distribution of specific accretion rates is the key
observational constraint for theoretical models of AGN
evolution.
We find that the observed XLF is dominated in num-
ber density by moderately massive galaxies (M∗ ≈
1011M⊙), which is due to the combination of the shape
of the galaxy SMF and the shape of the specific accretion
rate distribution. This predominance of moderately mas-
sive host galaxies in X-ray selected AGN samples does
not represent a preference for AGN activity at any par-
ticular stellar mass range. The observed population of
the most luminous AGN may be severely skewed to the
most extreme sources with elevated SMBH masses rel-
ative to their host galaxies and in short-lived phases of
very rapid SMBH accretion. These sources are likely to
provide a biased view of the connection between AGNs
and the properties of their host galaxies.
While our simple model reproduces the predominant
evolution of AGN population since z ∼ 1, we do not pre-
dict any downsizing in SMBH growth with cosmic time.
We do not fully reproduce the luminosity-dependent evo-
lution in the space density of AGNs or possible changes
in the faint-end slope of the XLF at z ∼ 0.7− 1.0. Thus,
the specific accretion rate distribution may evolve in a
mass-dependent manner, although any downsizing be-
havior appears to be a secondary effect at z . 1. Our
model also lacks known connections between the star
formation in galaxies and the growth of their SMBHs.
These discrepancies motivate not only the need for high
precision measurements of the XLF over a wide range of
redshifts but also further detailed observational studies
of the distribution of AGN accretion rates within well-
defined samples of galaxies divided by stellar mass, red-
shift, and star formation properties.
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